A method for determining the characteristic parameters of a porous material by means of acoustic measurements on a unique experimental set up, the standing wave tube, is presented in this paper. The principle of the identification procedure is based on the modification of the boundary conditions at the rear face of the material, especially rigid wall, air cavities of distinct depths, and soft impedance achieved thanks to an active control system. A set of about ten different porous materials was tested. The acoustic parameters are obtained from Lafarge-Allard's model considering the frame of the material is rigid. Whether all the experimental and atmospheric constraints are strictly respected, the parameter identification method is either rapid and reliable. Very good agreement is observed between predictions and measurements for different experimental configurations.
Introduction
The recent development of transport contributed to the emergence of a new kind of nuisances, the noise pollution. More and more research programs are therefore carried out in order to reduce the noise generated by modern vehicles. Open-cell porous materials are widely used as acoustic absorbent media in the transport industry, essentially to achieve important sound attenuation in the middle and high frequency range. The acoustic performances of such materials mainly depend on their intrinsic characteristics and the optimization on their use conditions involves a precise knowledge of their acoustic behavior. * Ph. D. Candidate † Assistant Professor ‡ Ph. D. Candidate
Complex models including a large number of parameters have been developed either to predict or to improve the acoustic response of porous media: for instance five parameters are introduced in the Johnson-Allard's theory 1 and even one more in the Lafarge-Allard's model. 8 More complicated models like the Biot-Allard's theory, 21 take into acount the elasticity of the material frame and therefore the coupling between waves propagating in the airsatured pores as well as in the frame: two mechanical parameters more are consequently added.
A complete description of the acoustic behavior of a porous material requires therefore many parameters to be determined experimentally. A precise and rigorous identification of all the characteristic parameters usually appears expensive and time consuming. The project CAMELIA was initiated to realize a unique experimental test bench allowing a global determination of all the porous material characteristics (from acoustic and mechanical point of view) by using the same sample for all measurements. The present paper covers the acoustic part of the material characterization. The main advantage of a unique facility able to measure all the parameters of a material is certainly its rapidity. The identification method associated to such a test bench therefore represents a particular interesting way to characterize materials presenting acoustic inhomogeneities, which obviously require a great number of test samples for averaging. The parameter identification method developed in this context has furthermore been compared to more conventional procedures in the region Rhône-Alpes project IMPACT, allowing us to refine our methodology.
A first determination method was presented in reference 6 ; a more general identification process applicable to a larger set of porous materials is pro-1 American Institute of Aeronautics and Astronautics posed in this paper. Firstly, after a brief description of the theoretical propagation model in a porous medium and each characteristic parameter of interest, we expose the principle of our identification method. Secondly the experimental facility is presented and a complete acoustic characterization of a porous sample is realized to illustrate the measurement procedure and to underline the required test conditions. Finally a comparison between different adjustment methods is achieved in order to select the most reliable identification.
Theoretical model and parameter identification principle

Theoretical model
Many theoretical models have been developed to describe the acoustic wave propagation in porous media. In most of the cases, the porous material is assumed to behave like a visco-thermal equivalent fluid , i.e. supposed to have a rigid frame, either because of its very high density or elasticity modulus or because of its working conditions (when placed on a rigid wall for instance). In this situation the acoustic waves may only propagate in the air contained in the pores of the material. The absorption mechanisms then result from thermic and viscous effects occuring in the pores of the medium.
Viscous and inertial effect inside the porous material and thermic exchanges between the rigid frame and the saturating air can be treated separately. Viscous and inertial effects are taken into account by introducing a complex dynamic density, the effective density ρ e (ω) in the momentum equation (see (1)), whereas thermic exchanges are described by a complex dynamic bulk modulus K(ω), see state equation (2) . The mass equation isn't modified, see equation (3) . The three basic equations for the acoustic perturbations are expressed with regular notations.
The Helmholtz equation becomes therefore :
The acoustic behavior of a porous material is completely determined by one of the two following data sets :
• effective density ρ e (ω) and bulk modulus K(ω),
• complex propagation constant k(ω) and characteristic impedance Z c (ω).
These four quantities are related by the following equation system (5) :
The description of wave propagation in a porous medium therefore consists in expressing one of these two sets by using physical characteristics of the material. The Lafarge-Allard's theory requires six intrinsic invariant and independant parameters which are defined below. When a porous material of fixed thickness is submitted to a difference of static pressure ∆P = P 2 − P 1 , a macroscopic flow of average velocity V appears through the material, see figure 1 . The resistivity is defined by the ratio of the static pressure difference to the product of the velocity and the thickness of the porous sample (Darcy's law), see equation (6) .
The porosity of a porous material is the ratio of the volume of fluid contained in the pores V ol fluid to the total volume of the material V ol tot , see equation (7).
The tortuosity is an adimensional quantity which takes into account the sinuous fluid paths through the porous material.
2 American Institute of Aeronautics and Astronautics where v is the microscopic velocity ans V a homogeneisation volume of the material.
The viscous characteristic length has been introduced by Johnson 7 in order to establish a new expression of the effective density taking into account the high frequency viscous and inertial effects.
where v is the microscopic velocity of an ideal fluid stationary flow in the material, V the volume of fluid contained in the pores and S the contact surface between the pores and the frame. Λ can also be defined thanks a shape factor s, see equation (10).
The thermal characteristic length, which has been defined by Champoux and Allard, 3 describes the thermic exchanges between the material frame and the pore saturating fluid.
0 can also be expressed with a shape factor s 0 , see equation (12).
The thermal permeability has been introduced by Lafarge, Lemarinier and Allard 8 to modelize the thermic exchanges between the porous material frame and the saturating fluid, especially in the low frequency range.
where M 0 is a shape factor (difference to the Johnson-Allard's model) and Γ the trapping constant of the porous frame.
The effective density and bulk modulus frequency dependances in the Lafarge-Allard's theory are expressed in equations (14) and (15).
where
The Johnson-Allard's model involving only the first five characteristic parameters of the LafargeAllard's theory corresponds to the specific case M 0 = 1.
Direct measurements
The resistivity is the first parameter identified with our method because it can be directly measured and independently of the other acoustic parameters. The principle of the resistivity determination is based on low frequency asymptotic approximation of the Lafarge-Allard's model. Indeed the low frequency real part of the surface impedance of a porous material backed by a soft impedance boundary condition is proportional to the resistivity, see equation (16).
The resistivity is therefore given by equation (17).
where e is the thickness of the porous sample.
The porosity is also determined considering low frequency approximation of the Lafarge-Allard's theory. Actually the imaginary part of the low frequency surface admittance of a porous sample backed by a rigid wall depends either on the frequency and on the porosity, see equation (18).
The porosity is therefore deduced from surface admittance low frequency measurements assuming a precise value of the static pressure P 0 is available.
3 American Institute of Aeronautics and Astronautics However several tests realized on different porous materials revealed quite low values obtained for the porosity, under 0.9, whereas most of them have a porosity close to 1. A more precise porosity determination method has therefore been developed taking into account the surface impedance of the piston at the rear face of the porous material, which is not perfectly rigid. Indeed the measured surface impedance of the porous sample is slightly modified by the measured value of the rigid piston impedance, see equation (20).
where Z p is the measured surface impedance of the rigid piston, and Z m the measured surface impedance of the porous sample. The corrected value of the porous sample surface impedance is then introduced in equation (19) and provides a new more reliable porosity value.
Adjustment on the absorption coefficient
Our first adjustment procedures are carried out using the Johnson-Allard's model (case M 0 = 1 in the Lafarge-Allard's theory), allowing us later to compare the parameter reliability and prediction performances of these two models.
The tortuosity and the two shape factors are determined simultaneously using an adjustment of the five parameter Johnson-Allard's model on the experimental values of the absorption coefficient and the surface impedance. Actually the adimensional shape factors s and s 0 are firstly considered, because they are close to one and their variations are therefore easier to implement in a theory-measurement adjustment method. The adjustment is realized thanks to a least mean square minimization, vector (α ∞ , s, s 0 ) varying from its initial value to an optimal value, assuming resistivity and porosity have already been determined by direct measurements. The porous sample boundary condition selected to identify the tortuosity and the two shape factors is a 48 mm deep air cavity, which involves a shift of the absorption and impedance curves to the lower frequency range. A comparative study revealed that the adjustment on the absorption coefficient provides the best results.
Adjustment on the effective density and dynamic compressibility
A simultaneous determination of the four following parameters, tortuosity, viscous and thermal characteristic lengths and termal permeability seems quite difficult and especially time consuming. A way to solve this problem is to separate the set of parameters into two independent couples. Indeed the effective density only depends on the tortuosity and the viscous characteristic length, whereas the thermal characteristic length and permeability only appear in the bulk modulus expression.
First of all the tortuosity and the viscous characteristic lentgh are identified by an adjustment on the effective density, using a least mean square minimization. Then an adjustment on the bulk modulus is realized in order to optimize the thermal characteristic length and permeability values. The effective density and the bulk modulus are determined experimentally after measurement of the surface impedances of a porous sample backed by two distinct boundary conditions, using the two-cavity method developed by Utsuno.
9 The two selected different conditions at the rear face of the porous material are a rigid wall and a 48 mm deep air cavity in our case.
Measurements
Experimental test bench
The experimental set up represented on figure 2 is a standing wave tube of square cross section 55x55 mm 2 . The measurements on this test bench are carried out either over the whole frequency range of the duct 0-2500 Hz, or between 30 and 200 Hz whether the low frequency behavior of the porous samples are required. The primary source is situated at one extremity of the tube and generates plane wave propagating towards the porous material placed at the other extremity of the duct. Depending on the measurement configuration, the sound emmitted by the primary source is either broadband noise or swept sine.
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A mobile microphone is inserted in the standing wave tube to realize all the pressure measurements. Three distinct positions of the microphone are selected to cover the whole frequency range of the duct: low frequencies 0 to 500 Hz, middle frequencies 500 to 700 Hz and high frequencies 700 to 2500
Hz. An adaptation of the classical two microphone method developed by Chung and Blaser, 45 is used to achieve the surface impedance measurements. Frequency response functions between the mobile microphone and the primary source are recorded by a data acquisition system SIGLAB.
Various boundary conditions are applied at the rear face of the porous material in order to allow the identification of all the parameters: rigid wall, air cavities of different depths and soft impedance realized by an active control system. In order to reach the best pressure reduction as possible behind the porous sample, active control is achieved by using a digital controller and the "filtered-x" LMS algorithm. This algorithm is extensively used for active control applications because of easy implementing on real time controllers. Furthermore, its convergence and robustness properties make it efficient in many situations. For this experiment, the reference signal (i.e. the controller input) is the signal feeding the tube loudspeaker, and no feedback problem occurs. A FIR filter is thus perfectly adapted.
Experimental constraints
Several constraints have to be respected during the identification process of a porous sample to obtain a reliable and precise set of characteristic parameters. These constraints concern either geometrical aspects or atmospheric conditions, or even a good realization of the boundary conditions at the rear face of the porous material. Most of them can easily be controlled, the others have to be taken into account in the identification process.
Material constraints
The first important constraint obviously concerns the porous sample cross sectionnal dimensions which can significantly modify the surface impedance measurements. Indeed if the cross section of the porous sample exceeds the cross section of the standing wave tube, the sample will be compressed when inserted at the extremity of the duct: the compression directly affects the porosity of the sample. Moreover the front face of the porous material isn't plane anymore and the thickness isn't therefore the same at each point of the cross section. Finally the boundary conditions at the duct walls are also modified and lead to a non negligible change when mechanical behavior of the porous material has to be considered.
Nevertheless if the cross section of the porous sample is smaller than the cross section of the standing wave tube, leaks appear through the air spaces around the porous material and considerably modify the measured surface impedance and absorption coefficient. The sample cutting process is therefore a delicate operation which needs to be realized very precisely.
The second essential constraints is related to the homogeneity of the porous material tested. Actually some materials present inhomogeneities in their acoustic properties. For such materials the characteristic parameter values obtained after identification are therefore strongly dependent on the specific sample tested and won't be representative of the porous material to characterize. Consequently either an average on the parameters of several samples of the same porous material could be realized to resolve the acoustic inhomogeneity problem, or a variation range of each parameter could be defined.
Atmospheric conditions
The atmospheric condition variations, static pressure and especially ambient air temperature and humidity, strongly influence the surface impedance measurements and therefore decrease the reliability of the characteristic parameter determination.
The atmospheric pressure is controlled during each measurement thanks to a barometer. Static pressure variations are slight enough to have a relatively negligible effect on the transfert function acquisitions.
The ambient air temperature essentially modifies the sound velocity. Indeed the temperature variations during a whole experiment can sometimes reach several degrees when the measurements are slightly time consuming. The ambient temperature is therefore strictly controlled and for each measurement sequence the sound velocity isn't deduced from temperature values anymore, but experimentally determined, directly in the standing wave tube by using several microphone signals.
Another quite severe constraint concerns the humidity of air inside the experimental test bench. Indeed impedance and absorption measurements are 5 American Institute of Aeronautics and Astronautics modified when the relative humidity decreases, reaching values beyond the critical limit of 40 %. The humidity of air is therefore precisely controlled by a humidifier which ensures a sufficient rate, up to 40 %, to realize reliable measurements.
Complete identification of a porous sample
To illustrate the different steps of our identification method, a 27 mm thick polyurethane foam porous sample has been selected and is completely experimentally determined in this part.
Resistivity
The soft impedance at the rear face of the porous sample is achieved by active control. The broadband noise reduction obtained behind the material reaches at least 20 dB over the frequency range 30-200 Hz. A grid is placed just behind the porous sample in order to prevent the material from vibrations. Indeed the low frequency behavior is quite different if the frame of the material is considered rigid (LafargeAllard's model) or elastic (Biot-Allard's model), see figure 3 . In the case of an elastic frame the real part of the surface impedance doesn't reach immediately the constant value σ e. After the measurement of the surface impedance of the porous material, the frequency range over which the real part of the impedance is nearly a constant is selected and the resistivity is calculated by averaging the surface impedance over this optimal interval. Several measurements of the surface impedance of one sample are realized in order to verify the reproducibility of the values of resistvity obtained. For example, the surface impedance of the foam sample with a soft impedance boundary condition is represented on figure 4 . The resistivity obtained for this material is 14750 rayls/m. 
Porosity
The porosity of a porous material is obtained from measurements of the imaginary part of the surface admittance for a sample backed by a rigid wall. The primary source generates a swept sine over the low frequency range 30-200 Hz. Firstly a measurement of the surface impedance of the rigid piston is realized. Then the surface impedance of the porous material is also measured. The porosity is obtained by an average over a selected optimal frequency interval of 40 Hz at least. The porosity measured for the foam sample is represented on figure 5 , the value obtained for this material is 0.95.
Tortuosity and shape factors
The tortuosity and the shape factors are determined simultaneously by adjustment of the JohnsonAllard's model on the absorption coefficient or the surface impedance measurements. The experimental values of absorption coefficient and impedance are determined over the whole frequency range of the standing wave tube 0-2500 Hz, the primary source emitting a swept sine pressure signal. A comparison between the results obtained from different adjustment methods, on absorption coefficient, real part or 6 American Institute of Aeronautics and Astronautics Tortuosity, characteristic lengths and thermal permeability The effective density and the bulk modulus are determined by Utsuno's two-cavity method after measurement of the surface impedance of the porous material backed by either a rigid wall and a 48 mm deep air cavity. 
Selection of the adjustment method
Comparison between three adjustments
The resistivity and the porosity are determined using direct measurements, whereas the tortuosity, the characteristic lengths and even the thermal permeability are identified through theory-measurement adjustment methods. The adjustments are realized either on the absorption coefficient, the surface impedance, the effective density or the bulk modulus. The efficiency and reliability of each method has therefore to be estimated.
To compare the performances of each adjustment method, three diffrent boundary conditions are applied at the rear face of the porous samples: rigid wall, 48 mm deep air cavity and 120 mm deep air cavity. The measured absorption coefficient and the complex surface impedance of each porous material are compared with the predicted values obtained from the previously identified characteristic parameters introduced in the Lafarge-Allard's model.
The adjustment on the absorption coefficient measured values leads to a very good prediction of the absorption coefficient for the two different air cavity boundary conditions. However when the porous sample is backed by a rigid wall, the predicted absorption coefficient is slightly higher than the measured values. The complex surface impedance is also well predicted, even if a little shift can be observed in the higher frequency range for the two air cavities at the rear face of the porous foam sample, especially on the real part of the surface impedance.
Concerning the adjustment realized on the surface impedance modulus, the surface impedance predictions are very close to the measurements but a slight frequency shift nevertheless occurs on the absorption coefficient curves for the three test configurations.
The adjustment achieved on the effective density and the bulk modulus seems to be a good compromise between the two previous adjustment methods, see for example figure 9: 120 mm deep air cavity configuration. Indeed either the absorption coefficient and the real and imaginary part of the surface impedance are well predicted for the three different boundary conditions at the rear face of the porous material.
a) absorption coefficient b) surface impedance The comparison between the performances of the three adjustment methods leads to the selection of the most appropriate procedure for the identification of the tortuosity and the two characteristic lengths.
The experiments realized on the other porous materials -PU foam, felt, fiberglass, rock wool samples -provide the same conclusions. For example, another validation test has been carried out to ensure the reliability of the identified parameters. Figure 10 represents the predicted and measured absorption coefficient and surface impedance of a twolayer-sample, composed by a felt and a fiberglass, backed by a rigid wall, with respect to the frequency. Very good agreement is observed between the predictions and the experimental curves. Most of the porous samples being characterized with our identification method present a shape factor M 0 very close to 1. The Johnson-Allard's model therefore often appears sufficient to correctly identify the characteristic parameters of most of the commonly used porous materials. However the LafargeAllard's theory certainly allows to describe more precisely a wider range of porous materials and ensures a greater robustness to the identification method presented in this paper.
Summarized description of the identification method
A summarized description of our acoustic identification method is presented in this part. During a complete determination of the porous material characteristic parameters, the atmospheric conditions, pressure, temperature and humidity are precisely controlled. A porous sample is characterized through following steps:
1. Experimental determination of the sound velocity in the standing wave tube.
2. Direct measurement of the resistivity.
3. Measurement of the surface impedance of the rigid piston.
4. Determination of the porosity by direct measurement.
5. Simultaneous identification of the tortuosity and the viscous characteristic length after adjustement of the Lafarge-Allard's theory on the measured effective density.
6. Simultaneous identification of the thermal characteristic length and permeability using an adjustment of the Lafarge-Allard's model on the measured bulk modulus.
7. Reliability control of the characteristic parameters previously obtained through a comparison between predicted and measured absorption coefficient and surface impedance for three different boundary conditions at the rear face of the porous material: rigid wall, 48 mm deep air cavity and 120 mm deep air cavity.
Comparison with measurements on conventional test benches
The material parameters were also measured on different test benches in the context of the Region Rhônes Alpes project IMPACT, by two other partners, the Ecole nationale des travaux publics de l'Etat (ENTPE) and the Sherbrooke University. The comparison between the three sets of values identified reveals a good agreement for most of the parameters, and especially resistivity, porosity and tortuosity, which certainly represent the most important parameters to characterize the acoustic behavior of a porous material.
Conclusion
The acoustic identification method presented in this paper was elaborated thanks to sound propagation models in porous media and in particular the JohnsonAllard's and the Lafarge-Allard's theories. A unique experimental facility, the standing wave tube, is used to carry out all the acoustic measurements. The quantities characterizing the porous material in a given configuration (thickness, rear face boundary condition), especially surface impedance and absorption coefficient, allow to determine all the characteristic parameters of a porous sample. The resistivity and the porosity are identified by low frequency direct measurements of the surface impedance, whereas the tortuosity, the characteristic lengths and the thermal permeability are obtained from adjustments of the Lafarge-Allard's theory on effective density and bulk modulus experimental values. Whether all the experimental constraints are precisely respected, the acoustic parameters identified are reliable.
One of the main advantages of our identification method is its rapidity. The set up is little bulky † Laboratoire de mécanique des fluides et d'acoustique, Ecole centrale de Lyon.
‡ Laboratoire des sciences de l'habitat, ENTPE. † † Groupe d'acoustique de l'université de Sherbrooke, Sherbrooke University.
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American Institute of Aeronautics and Astronautics and all the measurements are realized on a unique sample. Our rapid identification method presents therefore a great interest, when the acoustic properties of a porous material strongly depend on the place in the material where the sample is extracted. Indeed an average of several sample characteristics can be easily achieved.
The parameters determined with our identification method will be introduced in theoretical models in order to predict diffuse field absorption or transmission performances of the tested materials. Our works could furthermore be completed by the development of a mean to identifiy the mechanical parameters, Young's modulus and Poisson coefficient, involved in the Biot-Allard's theory, using the same test bench. Finally this study should be concluded by the realization of an industrial apparatus whose objective is to provide all the characteristic parameters of porous materials.
